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IT IS WELL ESTABLISHED THAT mechanical factors play a fundamental role in both fetal and postnatal skeletal ontogeny (33, 35, 37) . Evolution has equipped the bone tissue with a mechanosensory control system, which can perceive the loadinginduced strains within the bone and compare them to normal physiological range of strains, and accordingly remove bone tissue from sites where the strains are too small and form new bone tissue at sites where the strains are too great, so that the magnitude of prevalent strains is kept within a safe physiological range (7, 24, 39, 47) . Basically, this control system provides the bones with such a mechanical competence that is reasonable in terms of everyday habitual loading and physiological needs, such as reproduction (16) .
The primary bone collar at the diaphysis of bone anlage will appear and grow, with or without mechanical stimuli caused by fetal muscle contractions, but its normal development is critically dependent on the pattern of forces during normal fetal movements (4, 8) . It has been shown that the paralysis of muscles in rat fetus with curare from day 17 of gestation until term resulted in slender and short bones with reduced mass (35) , whereas the removal of amniotic fluid hampering the habitual movements did not affect the longitudinal growth (33) . The bones of Myod-Myf5-deficient mice lacking skeletal muscle development and thus the mechanical loading in utero (8, 36) are deficient in many of the adult bone characteristics, such as curvature of the diaphysis and traction epiphyses, let alone the smaller bone diameter. After birth, the role of natural motion is especially important for bone girth and geometry (4, 22, 23, 45) , whereas bone length is only weakly influenced by locomotive loading (25, 45) . Thus the growth-related changes in the long bone cross section can be viewed as consequences of 1) adaptations to mechanical loading caused by muscle contractions and ground reaction forces during habitual locomotion; 2) hormonal regulation; 3) the possible interactions between the above; and 4) "genetic growth," coined by Frank Rauch (34) , implying all other factors except the specified mechanical and hormonal ones.
Our laboratory found recently (32) that the influence of locomotive loading and estrogen on bone development was independent and additive in nature. However, the 8-wk duration of ovariectomy and unilateral cast immobilization applied in that study was too short to cover the entire critical period of axial growth of rat. Sciatic neurectomy enables longer intervention periods than cast immobilization and is widely used in experimental bone research (3, 10, 11, 50, 52) . Therefore, we hypothesized here that, by selectively removing the influences of estrogen (E) and locomotive loading (L) factors over the entire period of postnatal axial growth, it is possible to determine their respective effects and possible interaction on the development of the diaphyseal geometry of rat femur.
MATERIAL AND METHODS
Experimental groups. A total of 70 female rats of the SpragueDawley strain were used in this study (Fig. 1) . No intervention was made before the age of 3 wk to ensure that the young rats could be successfully weaned from their mothers (5, 9) . Ten randomly selected rats were euthanized at 3 wk of age (baseline group). Thereafter, 16 rats were randomly allocated to serve as control group, while the remaining 44 rats were subjected to unilateral sciatic neurectomy following the procedure described previously (11) . In brief, under general anesthesia, the left sciatic nerve was exposed through a dorsolateral incision made on the hip, and a 1.0-cm section of the nerve was excised. Also, the right sciatic nerve was exposed but left intact, so that the right hindlimb served as a loaded control. In addition, a randomly selected half of the neurectomized rats were ovariectomized (Ovx) using a dorsal approach, as previously de-scribed in detail (46) . A sham operation (the ovaries were exposed but left intact, Sham-Ovx) was performed on the other half. In summary, the present study comprised six groups of bones; i.e., femurs from the baseline group, the control group, the LϪEϪ group (left neurectomized hindlimb of the Ovx rats), the LϩEϪ group (right intact hindlimb of the Ovx rats), the LϪEϩ group (left neurectomized hindlimb of the ShamOvx rats), and the LϩEϩ group (right intact hindlimb of the Sham-Ovx rats) (Fig. 1) . Be it noted that the combined LϪEϪ and LϩEϪ groups and the combined LϪEϩ and LϩEϩ groups represented the Ovx and Sham-Ovx groups, respectively.
The rats were housed in cages (16 ϫ 27 ϫ 42 cm), with two animals per cage, at 20°C, with a light cycle of 12 h for 27 wk. The Ovx rats were pair-fed with the Sham-Ovx rats, with access to food ad libitum to control for the well-known Ovx-related weight gain (19, 49) , according to a principle previously described in detail (12) . Otherwise, the conditions were similar for all animals. The animals were allowed to move freely and to consume water ad libitum. After the 27-wk intervention (at the time of peak bone mass, Ref. 29) , the rats were euthanized, and both femora were excised, defleshed, and frozen. In addition, the calf muscles and uteri (except those of the baseline rats) were excised and weighed.
The research protocol was reviewed and approved by the Ethics Committee for Animal Experiments of the University of Tampere and the Provincial Government of Western Finland Department of Social Affairs and Health, Finland. The study conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Bone analyses. All measurements were carried out by the same operator who was blinded to the group assignment. On the day of testing, the excised femora were slowly thawed to room temperature and kept wrapped in the saline-soaked gauzes, except during measurements. A digimatic caliper (Mitutoyo 500, Andover, UK) was used to measure femoral length. In our laboratory, the coefficient of variation (CV rms) for the determination of the femur length was 0.2% (17) .
The bone cross section at the femoral midshaft was scanned with peripheral quantitative computed tomography (pQCT, Stratec XCT Research M, software version 5.40B, Stratec Medizintechnik, Pforzheim, Germany). In short, the femur was inserted into a specially constructed plastic tube with the shaft in the axial direction, and one 0.5-mm-thick cross-sectional slice was scanned at the midshaft of the femur (15) . The scanning speed was 3.0 mm/s, and the pixel size of pQCT image was 0.070 ϫ 0.070 mm 2 . Total bone mineral content (tBMC), total cross-sectional area (tCSA), cortical bone mineral density (cBMD), and cortical cross-sectional area (cCSA) were determined. The threshold 214 mg/cm 3 was used to differentiate bone tissue from bone marrow and other soft tissues, and the threshold 710 mg/cm 3 was used to differentiate cortical bone from trabecular bone or voxels affected by partial volume effect. In our laboratory, the precision (CV rms) of the pQCT measurements of the femoral midshaft were 0.9% for the tCSA, 0.6% for the cBMD, 2.2% for the tBMC, and 1.5% for the cCSA (31) .
To specifically evaluate changes along the radii starting from the centroid of the midshaft cross section to periosteal and endocortical surfaces, a custom-developed macro within the ImageJ 1.40 (http:// rsb.info.nih.gov/ij/) image processing platform was used. As with the conventional pQCT analysis, the same threshold of 214 mg/cm 3 was used to separate bone tissue from nonbone tissue. The centroid of the cross section and the medial crest of the femoral diaphysis were used to consistently orient the specimens. Right limbs were inverted in the medial-lateral axis to facilitate direct comparisons with the left limbs. Principal cross-sectional moments of inertia (I max and Imin) were obtained using the macro. Next, maximal (periosteal) and minimal (endocortical) surface radial coordinates were detected within 5°steps about the cross section. Using this approach, it was possible to map out the mean radial distances for the periosteal and endocortical bone surfaces.
Immediately after the pQCT measurements, 48 pairs of femora (all except for the baseline rats and six pairs from Ovx and Sham-Ovx groups) were tested in the mediolateral (ML) three-point bending using a Lloyd material testing machine (LR5K, J. J. Lloyd Instruments, Southampton, UK). Small and flexible bones of the small baseline rats were not mechanically tested because of a priori known poor success rate and subsequent loss of statistical power (data not shown). The testing was executed according to the protocol previously described in detail (27) . Briefly, the femora were placed on their lateral surface on the lower supports of the bending apparatus. Before the actual testing, a stabilizing preload (10 N) was applied on the medial surface of the femur midshaft at a rate of 0.1 mm/s using a steel crossbar fixture. The bending load was then applied at a rate of 1.0 mm/s until failure of the specimen. The breaking load and stiffness were determined from the load-deformation curve. In our laboratory, the CV rms is 7.6% for the breaking load (Fmax) and 17.9% for stiffness (27) .
To obtain further information about the influence of locomotive loading and estrogen on bone biomechanics in the orthogonal anteroposterior (AP) direction, the other six pairs of femora from Ovx and Sham-Ovx groups were tested in conventional AP three-point bending using the same apparatus and load parameters as in the ML testing (17) . In our laboratory, the CV rms of the Fmax for AP three-point bending is 5.1%, and the CVrms of the stiffness is 9.7% (17, 28) .
Statistical analysis. Data were analyzed using the SPSS for Windows (version 13.0) statistical program. Descriptive data are expressed as means and standard deviations (SD), unless otherwise stated.
The statistical analysis was three-phased. First, potential systemic and/or overloading-induced effects on bone traits related to unilateral neurectomy were evaluated by comparing the LϩEϩ group to the control group. Second, the effect of genetic growth on bone traits, without influence of estrogen and locomotive loading, was assessed by comparing the LϪEϪ group to the baseline group using one-way ANOVA without any adjustment. Third, the effects of estrogen, locomotive loading, and their combination on bone traits at the end of the intervention were compared using the LϪEϪ group as a reference group. The rationale of choosing the LϪEϪ as a reference pertains to the apparent fact that the LϪEϪ group undergoes physiological growth and is subject to accompanying environmental factors, but lacks the influence of both ovary-secreted estrogen and natural locomotive loading, the primary factors of interest in this study.
The third analysis was performed using a two-way full factorial ANOVA with loading status (LϪ or Lϩ) and ovariectomy (EϪ or Eϩ) as fixed factors. It is known that ovariectomy results in substantial weight gain, despite the pair-feeding (12, 19, 32, 49) , and body weight represents the major load and bone length the lever arm for locomotive loading. Both body weight and femur length were used as covariates in the analyses of bone traits (tBMC, tCSA, cCSA, I max, Imin, Fmax, and stiffness) known to be associated with body size (12, 15, 31) . For specific between-group comparisons, Sidak's post hoc correction was used. In all tests, P Ͻ 0.05 was considered significant.
The estimation of the sample size was based on the assumed SD of ϳ11% in the breaking load of rat femur, which was considered the primary outcome in this study (28) . Then, to detect a statistically significant (P Ͻ 0.05) Ϫ15% inactivity-induced difference in the mean breaking load in the intervention groups at 80% statistical power, a minimum of approximately five rats/group was required at the end of the intervention (28) .
RESULTS
The sciatic neurectomy was successful for all operated rats. While they were partially able to impose weight also on the neurectomized side, they could not use their hindlimb muscles and lacked thus the related loading. The rats showed no recovery of the neurectomy. One rat in the Sham-Ovx and one in the control group died during the study. Weight development curves in the study groups are shown in Fig. 2 . No difference in the weight gain was observed between the control and Sham-Ovx groups, while the expected substantial difference (ϳ20%, P Ͻ 0.001) in body weight was observed between the Ovx and Sham-Ovx rats (Table 1, Fig. 2) , despite pair-feeding.
Systemic or overloading effects of neurectomy. At 27 wk, all measured bone traits in the control and LϩEϩ groups were commensurate of the differences, ranging from Ϫ1.6% (cCSA) and 3.7% (stiffness) (P Ͼ 0.056 for all group-differences) and indicating no systemic or overloading effect related to unilateral neurectomy (Table 1) .
Effect of genetic growth. During the 27-wk study period, the femur length of the LϪEϪ group (reflecting genetic growth) increased by 142% (P Ͻ 0.001), and its total mineral content by 687% (P Ͻ 0.001), compared with the baseline group. Similarly, large, statistically significant increases (ϳ200 -1,000%, P Ͻ 0.001) were observed in absolute geometric bone traits of the LϪEϪ group (Fig. 3, Table 1 ).
Separate effects of locomotive loading and estrogen. Compared with the LϪEϪ group, the structural bone traits were adjusted for body weight and femoral length to account for apparent biomechanical environment. 1 Locomotive loading (LϩEϪ vs. LϪEϪ, Fig. 4 ) had no effect on longitudinal bone growth, but resulted in significant increases in the total mineral content (8%, P Ͻ 0.001), tCSA (11%, P Ͻ 0.001), and cortical bone area (8%, P Ͻ 0.001). Significant increases were observed both in I max and I min (21%, P Ͻ 0.001, and 22%, P Ͻ 0.001, respectively) and also in the breaking load (21%, P Ͻ 0.001) and stiffness in the ML direction (21%, P ϭ 0.001) (Figs. 4-6 , Table 1 ), but not in the AP direction. It is noteworthy that the overall modulatory effect of locomotive loading on the bone traits remained relatively small compared with at least an order of magnitude greater growth-related effects (i.e., the change from the 3-wk baseline to the age of 30 wk) (Figs. 3 and 4) .
Estrogen (LϪEϩ vs. LϪEϪ, Fig. 4 ) had no effect on longitudinal bone growth, but resulted in 0.5% (P ϭ 0.017) higher cortical bone density and ϩ8% (P ϭ 0.003) larger tBMC. Estrogen was also positively associated with I max ; 12% (P ϭ 0.014) but not with I min (Table 1, Fig. 4) . Evidently, the increase in I max is mainly attributable to the extra bone on the endocortical surface (Fig. 6) . The breaking load in the ML direction increased by 15% (P ϭ 0.010) and stiffness by 29% (P ϭ 0.002), whereas no difference was observed in the AP direction (Fig. 4, Table 1 ). Again, compared with the growthrelated effect (genetic growth) on bone ontogeny, the modulatory effect of estrogen remained at least an order of magnitude lower and was different in nature but similar in magnitude to the above-noted specific effects of locomotive loading on bone traits (Fig. 4) .
Combined effect of locomotive loading and estrogen. No statistically significant interaction was found between the effects of locomotive loading and estrogen in any measured bone trait (Table 1) . However, judging from Fig. 5 , it seems that the estrogen-induced addition of bone tissue at the endocortical surface was not evident in the LϩEϩ group, perhaps the posterior region excluded. This observation suggests that lo-comotive loading somehow overcame the effect of estrogen on the endocortical surface (Fig. 5) . Otherwise, a simple additive trend was seen when the confounding effect of ovariectomyrelated greater weight gain was controlled for (Fig. 4 vs. the LϪEϪ group).
DISCUSSION
During skeletal ontogeny, both the material and architectural properties of bone undergo a series of alterations in response to altered mechanical and endocrinological influences of the growing individual. A plethora of molecular, cellular, and environmental factors is involved in this process. Thus any observation seen at the organ (whole bone) level basically represents the cumulative effect of all factors that separately or interactively influence the individual bone development. The challenge lies in finding the essential factors and explaining their roles at the organ level (37) .
The main finding of the present study was that, while the overall axial growth and mass accrual of the femur were largely independent of locomotive loading or estrogen, the effects of these two factors on the cross-sectional geometry of the femur were functionally reasonable and specific. Although at least an order of magnitude lower than the effects attributable to genetic growth, these specific effects demonstrated how meticulously the locomotive loading and estrogen were involved in sculpting the femoral diaphysis, concordant with their primary evolutionary functions, i.e., in providing mechanically appropriate lever arms for efficient locomotion and mineral reservoir for reproductive needs, respectively. While these findings regarding the evolutionary roles of locomotive loading and estrogen are in perfect agreement with our laboratory's previous study (32) , the overwhelmingly dominant effect of genetic growth could only be shown through a long-term design like the current one, covering the entire period of rapid skeletal growth.
The predominance of genetic growth over the locomotive loading or estrogen on postnatal bone ontogeny was most evident in the axial growth. Femur length increased more than 170% without evidence, if any, of modulation of locomotive loading or estrogen. This finding concurs with most studies, suggesting a negligible effect of immobilization on bone length Values are means (SD). See MATERIALS AND METHODS for explanation of groups. tBMC, total bone mineral content; tCSA, total cross-sectional area; cBMD, cortical bone mineral density; cCSA, cortical cross-sectional area; Imax, maximum moment of inertia; Imin, minimum moment of inertia; Fmax, breaking load; ML, mediolateral; AP, anteroposterior; ND, not determined (see MATERIALS AND METHODS for details). P values are based on the body weight and femoral length adjustment in size-dependent traits of femoral shaft (tBMC, tCSA, cCSA, Imax, Imin, Fmax, and stiffness); only volumetric cBMD and Imax-to-Imin ratio were analyzed without adjustment. Interaction P value denotes the statistical significance of interaction between estrogen and loading. A total of 48 and 12 pairs of femora were tested in ML direction and in AP direction, respectively. *P Ͻ 0.001, †P Ͻ 0.01, and ‡P Ͻ 0.05 vs. LϪEϪ group. Fig. 3 . Absolute percent differences in traits between the intervention groups and the baseline group. The whiskers represent the 95% confidence intervals. tBMC, total bone mineral content; tCSA, total cross-sectional area; cBMD, cortical bone mineral density; cCSA, cortical cross-sectional area; Imax, maximum moment of inertia; Imin, minimum moment of inertia. (14, 25, 44, 51) , but contradicts at least one study reporting retarded growth due to immobilization (10) . While the huge impact of genetic growth on bone traits over mechanical influence may be considered surprising, similar to bone, tendon also has been shown also to continue its growth markedly without mechanical stimulation (6) . However, regarding the assessment of bone length, it is recalled that the possible effect of bone curvature on femur length was not taken into account in the present study. There is some evidence that long bones may remain straighter as a result of disuse (2, 25, 26) . If so, then the unloaded femora may have been less curved, thus accounting for the similar length of the loaded and unloaded femora. Obviously, the true axial length of even a slightly curved bone is somewhat longer than that of a straight bone, but the difference cannot be detected with a simple calliper measurement, which was used in the present study. A lateral X-ray imaging of the femur would have allowed a proper assessment of its curvature.
It is also noteworthy that the adaptive response of bone geometry to locomotive loading was direction specific. The comparison between the loaded and nonloaded bones showed that the main changes in the femoral midshaft cross section occurred along the ML axis, while the differences in the orthogonal AP direction remained smaller (Fig. 5) . Being an apparent adaptive response to loading, we interpreted these differences as proof that the ML axis represents the major adaptive direction of the whole rat femur to cope with prevalent locomotive loading. In line with this interpretation, the conventional AP three-point bending testing failed to show the anabolic effect of locomotion on the bone-breaking load, while such an effect was seen in the ML direction (27) . Altogether, it seems that "genetic growth" provides an appropriately sized skeletal anlage, but ultimately the locomotive loading makes up the specific bone shape and structure that are appropriate for functional demands.
Regarding the role of estrogen on postnatal bone ontogeny, we observed a tiny (ϳ0.5%) but consistent estrogen-induced increase in the cortical density and restricted enlargement of the medullary cavity, in line with the results by Kim et al. (20) . As the cortical density reflects intracortical porosity, this finding concurs nicely with the well-known suppressive function of estrogen on bone turnover. Of note, the tiny estrogen-related effect on cortical density virtually vanished in the loaded bone. The maintenance of bone mass at the endocortical surface, in turn, provides a readily accessible calcium reservoir for reproductive purposes, such as fetal skeletogenesis and lactation (13, 32) . However, quite interestingly, the anabolic effect of estrogen on the endocortical surface was again mitigated when the locomotive loading was present (LϪEϩ vs. LϩEϩ). This finding underpins the apparent dominance of locomotive loading over endocrine control in terms of the macroscopic adaptation of bone geometry and structure, especially on the periosteal surface (13, 18, 32) . A similar phenomenon suggesting dominance of periosteal apposition over endocortical resorption at the tibial midshaft and no evidence for endocortical apposition was recently found in postmenarcheal girls throughout puberty (21) . Be it also noted that our results do not support the common notion that estrogen restricts periosteal apposition (20, 40 -43) .
There are limitations in this study that need consideration. First, the rats of the LϪEϪ group cannot be considered a group devoid of all extrinsic or intrinsic modulatory factors, but genetics. Despite random allocation and careful execution to control for potential extrinsic confounding factors (e.g., nutrition and other living conditions) during the experiment, there remain intrinsic factors (e.g., hormones) that could have modulated bone growth. Second, while the levels of estrogen and physical loading were substantially decreased as a result of ovariectomy and sciatic neurectomy, these procedures cannot eliminate either the adrenal secretion of estrogen or the passive loading of the femur of the neurectomized side and their potential influence on the present findings, let alone the first 3 wk of life when all rats were intact. However, this 3-wk period was considered necessary to ensure successful weaning. Otherwise, premature separation from the mother rat might have resulted in fatal hostility of the mother rat toward the newborn rat when reunited (5, 9) and thus undermine the success of the study. Also, the effect of ovariectomy is naturally not restricted to serum levels of estrogen, but all other ovarian hormones are concurrently altered. For example, FSH (1, 38) and progesterone (30) have both been recently implicated as noteworthy bone-modulating agents, and, accordingly, some of the changes attributed to estrogen may, in part, be due to their altered serum levels. Third, the use of sciatic neurectomy as an inactivity model has been criticized due to the potential alterations in the autonomic nervous supply to the limbs (8) . Also, the potential overloading of the contralateral limb cannot be ruled out. However, it seems that the unilateral neurectomy did not result in any systematic or overloading effects, as the data of the control group were similar to that of the LϩEϩ group. Finally, while the study was adequately powered for showing the main effects of locomotive loading or estrogen alone, the sample size may not have been large enough to show potential interaction between the two (48).
In conclusion, this study showed that the axial growth and accrual of bone mineral mass of rat femur are largely independent of the influence of locomotive loading or estrogen, but that the geometry and dimensions of the genetically determined bone anlage are subject to specific modulation of these two factors. Locomotion reshapes the bone cross section larger to better cope with locomotive stresses, while estrogen is involved in accumulating extra mineral onto the endocortical surface. In other words, locomotive loading and estrogen specifically account for fine-tuning the femur into respective functions as a mechanical lever or a mineral reservoir for reproduction.
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